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MinireviewIntracellular Cycling
of Lysosomal Enzyme Receptors:
Cytoplasmic Tails’ Tales
the TGN and ligand delivery to lysosomes. Deficiencies
in both MPRs, or in addition of the mannose 6-phos-
phate tag, result in massive secretion of lysosome en-
zyme precursors into the extracellular milieu.
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Esteban C. Dell’Angelica1,3 and Gregory S. Payne2,3
1 Department of Human Genetics
2 Department of Biological Chemistry
School of Medicine
University of California, Los Angeles
receptor-mediated pathway transports soluble hy-Los Angeles, California 90095
drolases to the lysosome-like vacuole, although sorting
receptors do not appear to reach the cell surface and
they recognize peptide sequences in the enzymes ratherLysosomes are acidic, membrane-enclosed organelles
than mannose 6-phosphate (reviewed by Conibear andin which endogenous and internalized macromolecules
Stevens, 1998). A well characterized example of this
are degraded by lumenal hydrolases. The significance
pathway involves vacuolar carboxypeptidase Y (CPY),
of lysosomes for cellular homeostasis and human dis-
and its sorting receptor, the vacuolar protein sorting 10
orders such as I-cell disease has led to extensive research
gene product (Vps10p). As with MPRs, deficiencies in
on the biogenesis of these organelles. Most soluble hy-
Vps10p or in its trafficking result in abnormal secretion
drolases reach the lysosome by traversing the secretory
of CPY. Vps10p bears no homology to MPRs; however,
pathway to the trans Golgi network (TGN), where they it resembles sortilin, a mammalian protein of unknown
are sorted from secretory proteins and transported to function that follows a trafficking pathway similar to that
endosomes and then lysosomes. This sorting step de- of MPRs (Nielsen et al., 2001).
pends on transmembrane receptors that are themselves AP-1 Sorting Function at the TGN:
directed through intracellular transport pathways by The Plot Thickens
sorting determinants in their cytoplasmic domains (tails). Morphological studies of MPR sorting at the mammalian
Characterization of factors that recognize such sorting TGN implicated clathrin-coated structures as the source
determinants and guide receptors through their intra- of carriers of MPRs to endosomes (reviewed by Le
cellular itineraries is therefore critical to understanding Borgne and Hoflack, 1998). Clathrin-coated vesicles me-
lysosome biogenesis. diate traffic between the cell surface, TGN, and endo-
The traditional view has been that a heterotetrameric somes. The best characterized components of these
protein complex, Adaptor Protein 1 (AP-1), is a key coats are clathrin, which forms the coat’s outer lattice,
player in sorting lysosomal enzyme receptors at the and AP complexes, which are thought to couple coat
TGN. Recent findings, however, suggest reassigning formation to cargo selection by binding clathrin, coat
such roles to a novel family of sorting adaptors, the accessory factors, and the tails of transmembrane cargo.
GGAs (Golgi localized, gamma-adaptin ear homologous, Distinct APs distinguish subclasses of clathrin-coated
ADP-ribosylation factor [ARF] binding proteins). Here, vesicles and presumably confer organelle-specific proper-
we review evidence for the function of AP-1, GGAs, ties to the coats. Owing to its prominent localization at
and other tail binding proteins in sorting of lysosomal the TGN, AP-1 was a strong candidate to mediate sorting
enzyme receptors in mammalian and yeast cells. of MPRs at this organelle. Furthermore, AP-1 interacts
Lysosome Enzyme Receptors: Who They Are in vitro with MPR cytoplasmic tails, and exogenously
and Where They Go expressed MPRs associate with AP-1-containing
Sorting of soluble lysosomal enzymes in mammals clathrin-coated buds and vesicles in the area of the TGN.
largely relies on covalent tagging with mannose 6-phos- The related AP-2 complex, which also binds to MPR
phate followed by recognition by mannose 6-phosphate cytoplasmic tails, mediates internalization from the
receptors (MPRs). Two MPRs with overlapping functions plasma membrane.
have been described: cation-independent MPR (CI- There were, however, clues that something other than
MPR) and cation-dependent MPR (CD-MPR) (reviewed AP-1 might be responsible for MPR sorting at the TGN.
by Le Borgne and Hoflack, 1998). Ligand-loaded MPRs An acidic-cluster-dileucine (AC-LL) motif close to the
are sorted from the secretory pathway by selective in- carboxyl termini of the MPRs (Figure 1) is required for
corporation into tubulo-vesicular structures that emerge efficient delivery of lysosomal enzymes from TGN to
endosomes. Although in vitro studies demonstratedfrom the TGN and ferry cargo to endosomes. Within
AP-1 binding to the CD-MPR carboxyl terminal region,endosomes, hydrolases dissociate from MPRs and are
interaction was not dependent on the AC-LL leucinesdelivered to lysosomes, while MPRs are retrieved to the
(Le Borgne and Hoflack, 1998).TGN to pick up more cargo. MPRs also visit the plasma
The prevailing dogma received another challengemembrane, where CI-MPR recruits missorted, mannose
from characterization of mice carrying a targeted disrup-6-phosphate-tagged lysosomal enzymes and directs
tion of the AP-1 1A subunit gene (Meyer et al., 2000).them into the endocytic pathway. CI-MPR-ligand com-
In fibroblasts from mutant mice, loss of 1A drasticallyplexes dissociate at some point during transit through
lowered the abundance and membrane association ofearly and late endosomes, allowing receptor retrieval to
the remaining AP-1 subunits. Surprisingly, distribution
of both CI- and CD-MPR was shifted from a mainly
perinuclear, late endosome/TGN localization in normal3 Correspondence: edellangelica@mednet.ucla.edu [E.C.D.’A.];
gpayne@mednet.ucla.edu [G.S.P.] cells to peripheral compartments, some containing early
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Figure 1. Sorting Signals and Binding Part-
ners of the Cytoplasmic Domains from Cation
Dependent (CD) and Cation Independent (CD)
mannose 6-phosphate Receptors (MPR),
Sortilin and Yeast Vps10p
The four receptors are type 1 integral mem-
brane proteins having large amino-terminal
luminal domains, single transmembrane do-
mains (TMD), and carboxyl-terminal cyto-
plasmic domains (tails). CI-MPR is also
known as MPR300 or insulin-like growth fac-
tor II receptor; CD-MPR is also known as
MPR46. Motifs and residues critical for spe-
cific sorting events (Le Borgne and Hoflack,
1998; Nothwehr et al., 2000; Tikkanen et al.,
2000; Nielsen et al., 2001 and references
therein) are denoted using the single-letter
code. Arrows indicate the approximate posi-
tions of binding sites for tail binding proteins
discussed in the text.
endosomal markers, in AP-1-deficient cells. Further- sory factors that interact with the ear domain of AP-1 .
Additionally, GGAs bind clathrin through their hinge re-more, CD-MPR transport from endosomes to the TGN
was markedly slowed. Although these observations do gions and, at least in the case of human GGA1, also
through the carboxyl-terminal domain.not exclude a function for AP-1 in MPR sorting at the
TGN, the simplest interpretation is that AP-1 acts in Until very recently, the function of VHS domains from
GGAs or other proteins was obscure. Now, severalMPR retrieval from early endosomes.
Like its mammalian counterpart, yeast AP-1 seemed groups (Nielsen et al., 2001; Puertollano et al., 2001a;
Takatsu et al., 2001; Zhu et al., 2001) have demonstratedlikely to function in clathrin-dependent trafficking of
transmembrane proteins (e.g., Vps10p) from the TGN to that VHS domains of human GGAs specifically recognize
the AC-LL signals from CI-MPR (all GGAs), CD-MPRprevacuolar/late endosomes. In support of this idea,
AP-1 is the only yeast AP observed to associate physi- (GGA1 and GGA3), and sortilin (at least GGA1 and
GGA2). In all cases examined, mutations in residues ofcally with clathrin and copurify with clathrin-coated vesi-
cles containing Vps10p (Yeung et al., 1999; Deloche et the AC-LL motif that are critical for sorting at the TGN
concordantly affected GGA binding in vitro.al., 2001). In addition, TGN protein sorting defects in a
temperature-sensitive clathrin mutant were enhanced Two additional lines of evidence strengthen the idea
that GGAs mediate MPR sorting at the TGN. By two-by genetic disruption of any of the four subunits of AP-1,
but not of subunits of other APs. However, disruption color time-lapse microscopy of live cells, fluorescent-
protein-tagged GGA1 and CD-MPR were observed to-of AP-1 subunit genes in otherwise wild-type yeast cells
had no apparent effect on Vps10p trafficking (Yeung et gether in tubulo-vesicular structures departing from the
area of the TGN (Puertollano et al., 2001a). In addition,al., 1999 and references therein), implying that other
components of the sorting machinery compensate for expression of GGA1 lacking the hinge and carboxyl-termi-
nal regions resulted in strong perinuclear accumulationthe lack of AP-1 or that AP-1 might not be directly in-
volved in Vps10p transport. of endogenous CI-and CD-MPRs, while not affecting
other proteins that traffic to and from the TGN (Puer-Moving Forward with the GGAs
GGAs define a novel family of proteins characterized by tollano et al., 2001a, 2001b). Presumably, truncated
GGA1 bound MPR tails and ARF but was unable toa Vps27/Hrs/STAM (VHS) homology domain, an ARF
binding domain, a “hinge” region, and a carboxyl-termi- bind clathrin and accessory proteins required for tubulo-
vesicular carrier formation, thus resulting in a dominant-nal domain displaying homology to the “ear” domain of
the AP-1 subunit. GGAs have been identified in species negative “trapping” of MPR (at the TGN?). Together,
these studies imply that mammalian GGAs recruit recep-as diverse as humans (GGA1, GGA2, and GGA3) and
yeast (Gga1p and Gga2p). tors bearing AC-LL motifs into TGN-derived clathrin-
coated carriers for transport to endosomes.The modular organization of GGAs is well suited for
a role as sorting adaptors similar to that of APs; see In yeast, strains harboring deletions of both GGA
genes display defects in transport of Vps10p from theCostaguta et al., 2001; Puertollano et al., 2001b; Zhu
et al., 2001 and references therein). The ARF binding TGN (Costaguta et al., 2001 and references therein).
Interestingly, transport defects of Vps10p in GGA doubledomain specifies interaction with activated forms of
small GTPases of the ARF family, which are regulators mutants were more severe than those of Kex2p, which
also cycles between the TGN and endosomes. Directof coat assembly at the TGN. This interaction likely con-
tributes to GGA recruitment to TGN membranes. The cargo recognition by the yeast Gga proteins has yet to
be reported; however, it is worth noting that Vps10p,carboxyl-terminal domain binds a subset of the acces-
Minireview
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but not Kex2p, contains a cytoplasmic tail sequence logs of TIP47 or PACS-1 exist. Instead, a five-subunit
putative coat protein complex, the “retromer,” appearsrelated to AC-LL motifs (Figure 1). Although “tail-less”
Vps10p is delivered to endosomes (Deloche et al., 2001 critical for this transport event. One retromer subunit,
Vps35p, was shown to associate with the cytoplasmicand references therein), it is unclear whether loss of the
tail affects transport kinetics. Accordingly, recognition tail of Ste13p, a protein that cycles between the TGN
and endosomes like Vps10p (Nothwehr et al., 2000).of the AC-LL-like motif by Gga proteins might enhance
the efficiency of Vps10p sorting at the TGN. The interaction was dependent on the Ste13p retrieval
signal, suggesting that Vps35p is the retromer signal-The Return Voyage: Who Will Take Them Home?
Efficient retrieval of lysosomal enzyme receptors to the recognition subunit. Allele-specific suppression pro-
vided circumstantial evidence that Vps35p recognizesTGN also depends on sorting information present in the
cytoplasmic tails, and some of the critical residues have Vps10p retrieval signal(s). Specifically, Vps10p retrieval
defects caused by a cargo-selective Vps35p mutant (af-been identified for CD-MPR and Vps10p (Figure 1). As
discussed above, AP-1 could be involved in MPR re- fects Vps10p but not Ste13p) were suppressed by sub-
stitution of a single residue adjacent to a retrieval signaltrieval. Other MPR tail binding proteins implicated in
this sorting process are described below. within the Vps10p tail. Importantly, a mammalian coun-
terpart of the retromer complex has been identified (HaftOne such protein, phosphofurin acidic cluster sorting
protein 1 (PACS-1), was identified as a binding partner et al., 2000), although its function has not yet been ex-
amined.of the acidic-cluster sorting signal from the prohormone
convertase, furin (Wan et al., 1998). The furin binding Working On Working Models
Despite impressive progress in identifying factors thatdomain of PACS-1 also binds the cytoplasmic tail of CI-
MPR in vitro. This interaction depends on the carboxyl- influence lysosomal enzyme receptor distribution, con-
structing a unified trafficking model is complicated. Traf-terminal acidic cluster of CI-MPR, but, unlike binding to
furin, does not require tail phosphorylation (Wan et al., ficking occurs through a dynamic system of organelles
connected by multiple transport pathways, making it1998). Interestingly, PACS-1 also interacts with AP-1.
Antisense-mediated depletion of PACS-1 shifted the difficult to assign a particular localization defect to a
specific transport step. Compositional differences be-distribution of CI-MPR from the perinuclear region to
peripheral endosomal structures (Wan et al., 1998), and tween organelles can be vague, especially in mutant
cells, hindering compartment identification. For these,a similar redistribution occurred upon overexpression
of a mutant PACS-1 that binds cargo tails but is defective and other reasons, an integrated understanding of MPR
and Vps10p sorting has yet to be achieved. Hypotheticalin binding to AP-1 (Crump et al., 2001). In both experi-
ments, the change in CI-MPR distribution resembled models are depicted in Figure 2.
Although mammalian GGA proteins likely functionthat observed in AP-1-deficient mouse cells, although
the compartment in which CI-MPR accumulates awaits with clathrin in MPR sorting at the TGN (Figure 2A),
it remains to be ascertained whether GGA function ismore precise definition. Together, these findings sug-
gest that PACS-1 and AP-1 may cooperate to sort CI- independent of AP complexes. Could AP-1 still partici-
pate in MPR sorting at the TGN, either together withMPR, presumably at an endosomal compartment.
Another potential retrieval factor, MPR tail interacting GGAs in the same transport carriers or in a distinct
pathway? AP-1-deficient mouse cells displayed se-protein of 47 kDa (TIP47), was isolated as a binding
partner of MPR cytoplasmic tails (Diaz and Pfeffer, verely reduced association of clathrin with the TGN at
steady state, raising the possibility that AP-1 might be1998). TIP47 binding to the CD-MPR tail requires a phe-
nylalanine-tryptophan pair that is important for CD-MPR key for clathrin coat assembly at this organelle (Meyer
et al., 2000). However, formation of transient clathrin-retrieval from endosomes (Figure 1). A role for TIP47 in
MPR retrieval was supported by inhibition of MPR late coated carriers, with or without GGAs, was not addressed.
Another open question is the precise destination ofendosome-to-TGN transport in vitro using antibodies to
TIP47. Also, antisense-mediated reduction of endoge- GGA-mediated MPR transport. If MPRs are preferen-
tially transported to early (Figure 2A, arrow 1) rather thannous TIP47 caused increased turnover of CI-MPR, likely
indicating a failure of the receptor to escape lysosomal late (Figure 2A, arrow 2) endosomes, sorting at early
endosomes would be especially important. On the otherdegradation. Optimal TIP47 function depends on bind-
ing to Rab9, a late endosome GTPase previously impli- hand, analysis of yeast GGA mutants led Black and
Pelham (2000) to propose that Gga proteins mediatecated in MPR retrieval (Carroll et al., 2001). Intriguingly,
TIP47 displays significant homology to adipophilin and direct transport from TGN to prevacuolar/late endo-
somes and AP-1 from TGN to early endosomes (Figureperilipin, two proteins associated with the surface of
lipid droplets. This homology hints at a role for lipids in 2B), a hypothesis not yet directly tested in either yeast
or mammalian cells.TIP47 sorting function. Both MPRs are palmitoylated in
vivo on cysteine residues, one of which—cysteine 34 of MPR retrieval from endosomes is even more compli-
cated. What are the relative contributions of PACS-1the CD-MPR tail—appears to be important for retrieval
to the TGN (Figure 1). Accordingly, the effects of MPR and TIP47? The phenotypes resulting from interfering
with PACS-1 (MPR accumulation in peripheral endo-tail palmitoylation on TIP47 binding may be revealing.
The recent demonstration that abnormal cholesterol lev- somes) are distinct from those caused by interfering
with TIP47 (MPR degradation in lysosomes), making itels adversely affect MPR recycling (Miwako et al., 2001
and references therein) might also be relevant to TIP47 improbable that PACS-1 and TIP47 act together, or in
distinct pathways from the same compartment. Instead,sorting function.
In yeast, AP-1 disruption does not seem to affect the data are more compatible with PACS-1/AP-1 func-
tion earlier in the endocytic pathway than TIP47/Rab9.Vps10p retrieval to the TGN, and no recognizable homo-
Cell
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retromer functions together with TIP47. In this scenario,
TIP47 would serve to collect MPR into retromer-coated
transport carriers. The mammalian homolog of Vps35p
could also participate in decoding sorting information
of MPRs or other cargo (sortilin?).
Finally, how is sorting signal recognition regulated so
that interaction with each tail binding protein occurs
only at the appropriate organelle? Phosphorylation and
palmitoylation of MPR receptor tails have been invoked
as mechanisms to control tail recognition (Le Borgne
and Hoflack, 1998). Cooperative association of cargo,
tail binding proteins, and additional factors into
multimeric, organelle-specific complexes is another at-
tractive hypothesis recently put forth for PACS-1/AP-1
and for TIP47/Rab9 (Carroll et al., 2001; Crump et al.,
2001).
In conclusion, the recent findings present a maze of
possibilities for trafficking of lysosomal enzyme recep-
tors. Solving this maze will require a new level of experi-
mental integration, combining perturbations of multiple
sorting factors with high-resolution kinetic measure-
ments of individual transport events.
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